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Abstract
To localize interstitial telomeric sequences (ITSs) and to test whether their pattern of distribution could be linked to chromosomal evolution, we hybri-
dized telomeric sequence probes (peptide nucleic acid, PNA) on metaphases of New World monkeys: Callithrix argentata, Callithrix jacchus, Cebuella
pygmaea, Saguinus oedipus, Saimiri sciureus, Aotus lemurinus griseimembra, Aotus nancymaae (Cebidae), Lagothrix lagotricha (Atelidae) and Cal-
licebus moloch (Pithecidae), characterized by a rapid radiation and a high rate of chromosomal rearrangements. Our analysis of the probe signal local-
ization allowed us to show in all the species analysed, as normally, the telomeric location at the terminal ends of chromosomes and unexpected signal
distributions in some species. Indeed, in three species among the nine studied, Aotus lemurinus griseimembra, Aotus nancymaae (Cebidae) and Lago-
thrix lagotricha (Atelidae), we showed a high variability in terms of localization and degree of ampliﬁcation of interstitial telomeric sequences, espe-
cially for the ones found at centromeric or pericentromeric positions (het-ITS). A comparative analysis, between species, of homologous chromosomes
to human syntenies, on which we have found positive interspersed PNA signals, allowed us to explain the observed pattern of ITS distribution as
results of chromosomal rearrangements in the neotropical primates analysed. This evidence permitted us to discuss the possible implication of ITSs as
phylogenetic markers for closely related species. Moreover, reviewing previous literature data of ITSs distribution in Primates and in the light of our
results, we suggest an underestimation of ITSs and highlight the importance of the molecular cytogenetics approach in characterizing ITSs, which role
is still not clariﬁed.
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Introduction
Using classic and molecular comparative cytogenetic approaches,
it is possible to determine chromosomal homologies, rearrange-
ments and cytogenetic marker variation involved in genome evo-
lution. Recent cytogenetic and molecular studies have underlined
the importance of genome variability related to repetitive
sequences, such as interstitial telomeric sequences (ITSs). ITSs
are a potential cause of genome plasticity and chromosomal evo-
lution (Nergadze et al. 2004, 2007; Ruiz-Herrera et al. 2008;
Nagamachi et al. 2013; Bruschi et al. 2014), but their role in
these events is not fully understood. The conservation of telom-
eric sequences, the terminal regions of chromosomes, is well
known (Meyne et al. 1989). In vertebrates such as ﬁsh, reptiles,
amphibians, birds and mammals, including primates, the DNA
component of telomeric sequences can also be found at intra-
chromosomal sites, close to the centromeres and/or between cen-
tromere and telomeres (Meyne et al. 1990; Vermeesch et al.
1996; Azzalin et al. 1997, 2001; Garagna et al. 1997; Metcalfe
et al. 1997, 1998; Fagundes and Yonenaga-Yassuda 1998; Pelle-
grino et al. 1999; Finato et al. 2000; Go et al. 2000; Hirai 2001;
Ruiz-Herrera et al. 2002, 2005, 2008; Mudry et al. 2007; Naga-
machi et al. 2013). ITSs have been associated with different gen-
ome organization: (1) to chromosomal rearrangements such as
fusion, ﬁssion and inversion in vertebrates, as hypothesized
through the cytogenetic approach (Meyne et al. 1990; Lee et al.
1993; Vermeesch et al. 1996; Metcalfe et al. 1997; Boufﬂer
1998; Finato et al. 2000; Go et al. 2000; Azzalin et al. 2001;
Nanda et al. 2002; Ruiz-Herrera et al. 2002, 2005, 2008; Mudry
et al. 2007; Bolzan 2012); (2) to the mechanism of genome reor-
ganization such as double DNA strand break repair, as demon-
strated through a comparative molecular approach, analysing
DNA sequences in Chinese hamster and in many primates (Far-
avelli et al. 2002; Nergadze et al. 2004, 2007; Ruiz-Herrera et al.
2008; Farre et al. 2009; ). These ITSs are not related to the
breaks needed to produce the rearrangements (Farre et al. 2009)
but rather arise through the mechanism of DNA repair that acts
by the capture of telomeric DNA fragments at the break point
site or by telomerase enzymes (Nergadze et al. 2004, 2007;
Ruiz-Herrera et al. 2008); these ITS behaving as transposable
elements can be used as informative markers for phylogenetic
studies; (3) to the process of recombination and ampliﬁcation of
the terminal end of chromosomes (Azzalin et al. 2001; Ruiz-Her-
rera et al. 2008; Bruschi et al. 2014); and 4) to a mechanism of
centromere/telomere interchanges that occur during the evolution
of eukaryotic chromosomes (Villasante et al. 2007). Examples
with at least three centromere/telomere interchanges involving
telomeric repetitive sequences have been shown in Platyrrhini
(Primates) (Rocchi et al. 2012). Also the relationship between
centromere and telomere sequences has recently been suggested,
based on a molecular approach (Prakhongcheep et al. 2013).
To verify whether ITS distribution is correlated with rear-
rangements in rapid-evolving genomes, we mapped a telomeric
sequence (TTAGGG)n (PNA) probe on Platyrrhini: Callithrix
argentata (Linnaeus, 1766), Callithrix jacchus (Linnaeus, 1758),
Cebuella pygmaea (Spix, 1823), Saguinus oedipus (Linnaeus
1758), Saimiri sciureus (Linnaeus, 1758), Aotus lemurinus gri-
seimembra (Hershkovitz, 1983), Aotus nancymaae (Hershkovitz,
1983) (Cebidae), Lagothrix lagotricha (Humboldt, 1812) (Atel-
idae) and Callicebus moloch (Hoffmannsegg, 1812) (Pithecidae).
ITSs locations have been analysed considering their possible cor-
relation with heterochromatin regions detectable through C-band-
ing. This work extends a previous analysis in New World
monkeys (Mudry et al. 2007). The choice of these species was
based on the fact they are products of a rapid radiation and are
characterized by high genome plasticity and reshufﬂed kary-
otypes (Dumas et al. 2007; Stanyon et al. 2008). In this perspec-
tive, these species can be used as a promising model for the
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study of genome organization and evolution. Moreover, employ-
ing a comparative approach through the analysis of previous
literature data, we report the distribution of the diverse kinds of
ITSs found in Primates.
Materials and methods
Following the standard protocol (Small et al. 1985), metaphases were
obtained for all specimens: Callithrix argentata, Callithrix jacchus,
Cebuella pygmaea, Saguinus oedipus, Saimiri sciureus, Aotus lemurinus
griseimembra, Aotus nancymaae (Cebidae), Lagothrix lagotricha (Atel-
idae) and Callicebus moloch (Pithecidae) from primary cultures of lym-
phoblast or ﬁbroblast cell lines and successively ﬁxed on slides at the
National Cancer Institute, USA. The Aotus specimens, identiﬁed by
Dumas et al. (2015) as A. lemurinus griseimembra, were kindly offered
by professor T. Ishida from University of Tokyo. The species were kary-
ologically analysed; the diploid number (2n) has been identiﬁed by G-
and C-banding and compared with the corresponding G- and C-banding
patterns previously published for the Ceboidea. Chromosomes were also
identiﬁed using DAPI followed by C-banding; DAPI ﬂuorochrome has a
higher afﬁnity for AT-rich DNA then GC as well as C-banding, and for
this reason, bright DAPI regions overlap C-bands.
The distribution of the telomeric sequence (TTAGGG)n was analysed
in each species above mentioned using ﬂuorescence in situ hybridization
(FISH) with a FITC-conjugated peptide nucleic acid (PNA) oligonu-
cleotide probe obtained from Panagene, Cambridge Research Biochemi-
cals. To possibly be more efﬁcient in detecting ITSs, hybridization has
been performed following the protocols purchased by Panagene, adjusting
stringency conditions. Even if literature data report hybridization with
telomeric probe performed in low stringency, we performed our FISH
experiment both in high and low stringency. At high stringency, we have
found pericentromeric ITS (het-ITS) and ITS (s-ITS) at internal position,
while telomeric signals appeared to be faint or absent as shown even in
previous studies on rodents (Rovatsos et al. 2011); at low stringency, we
have found much more strong and larger signals at telomerics ends (sub-
telo-ITSs).
The location and abundance of the ITSs in the genomes have been
analysed looking for the PNA signals on a large number of metaphases,
20 for each specimen, due to the fact some signals could show a different
intensity between the various metaphases and even between homologues
chromosomes (Hirai 2001). All digital images were obtained using a
Leica DMRXA2 epiﬂuorescence microscope equipped with appropriate
ﬁlters and a CCD camera (Princeton Instruments); merging of images
was performed using Adobe Photoshop software.
Results
The PNA probe in all the specimens analysed, as expected,
shows telomeric signals (Fig. 1). The intensity of telomeric
sequence signals, different within and between Ceboidea, is cor-
related with the length of the sequence repetition (Ruiz-Herrera
et al. 2002, 2005, 2008).
(a) (b)
(c) (d)
Fig. 1. Example of telomeric sequence probe (PNA) mapping on: (a) Callithrix jacchus (CJA), (b) Cebuella pygmaea (CPY), (c) Callithrix argentata
(CAR), (d) Saguinus oedipus (SOE); all species showing a telomeric sequence pattern only
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(a)
(b)
(c)
Fig. 2. The DAPI chromosomes (in blue), and DAPI/PNA combined (in blue/green) (a) Lagothrix lagothrica (LLA); (b) Aotus nancymaae (ANA), (c)
A. lemurinus griseimembra (ALG)
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Interestingly, apart from those signals classically localized at
the terminal ends of all chromosomes, several interspersed telom-
eric sequences (ITSs), especially centromeric and pericentric (het-
ITSS), have been found in Lagothrix lagotricha (LLA), Aotus
nancymaae (ANA) and Aotus l. griseimembra (ALG), (Fig. 2).
Karyotypes have been reconstructed (Fig. 3) through the analysis
of C- and G-banding for the species Lagothrix lagotricha
(2n=62), Aotus l. griseimembra (2n=53) and Aotus nancymaae
(2n=54) in accordance with previous cytogenetics data (Ma et al.
1976; Dutrillaux et al. 1980; Pieczarka et al. 1998) and following
previous chromosomes number identiﬁcation (Stanyon et al.
2001, 2004, 2011; Ruiz-Herrera et al. 2005; Dumas et al. 2015).
In Lagothrix lagotricha, ITS signals have been found on at least
seven couple of bi-armed chromosomes, on chromosome X and
at least three couple of acrocentric chromosomes (Fig. 2a).
In Aotus nancymaae, ITS signals have been found on at least
ﬁve couple of bi-armed chromosomes and on at least two couple
of acrocentric chromosomes (Fig. 2 b). ITS signals in this spe-
cies have been found vary intensive and particularly diffused.
In Aotus l. griseimembra, ITS signals have been found on at
least ﬁve couple of bi-armed chromosomes, plus one, the poly-
morphic chromosome 1 previously described (Stanyon et al.
2011; Dumas et al. 2015) and on the two unpaired acrocentric
chromosomes (Fig. 2c).
ITS sequences on chromosomes could be underestimated
because we considered just PNA bright signals found on the
majority of the metaphases analysed.
Discussion
Het-ITS and Platyrrhini
Among Platyrrhini species, telomeric sequences location has
been previously analysed in Alouatta caraya, Alouatta palliate,
A. guariba clamitans, Ateles chamek (Atelidae), Cebus apella
(Ruiz-Herrera et al. 2005), Cebus nigritus, Cebus paraguayanus,
Aotus azarae and Saimiri boliviensis boliviensis (Cebidae)
(Mudry et al. 2007). We extended these analyses, identifying
ITSs localizations in other New World monkeys by hybridizing
the PNA probe on Callithrix argentata, Callithrix jacchus,
Cebuella pygmaea, Saguinus oedipus, Saimiri sciureus, Aotus
lemurinus griseimembra, Aotus nancymaae, Lagothrix lagotricha
and Callicebus moloch. Apart from the normal signal at terminal
ends of chromosomes in all species, we showed many inter-
spersed telomeric sequences, mainly heterochromatic, cen-
tromeric and pericentromeric, with different frequency, intensity
and localization into three species: Lagothrix lagotricha, Aotus
nancymaae and Aotus l. griseimembra (Fig. 2). Also in Cal-
lithrix argentata, we found very bright PNA signals at terminal
ends of many bi-armed and acrocentric chromosomes (Fig. 1c),
but, in the present study, we took into consideration mainly ITSs
at inner positions. ITS regions in those ceboidea specimens anal-
ysed, L. lagotricha and Aotus, mostly correspond with hete-
rochromatin, even if, as expected, it does not precisely
correspond with the whole C-pattern. These results, occurring
especially in species in which karyotypes are among the most
rearranged in Platyrrhini, lead us to propose that ITSs could be
related to genome evolution and provide phylogenetic informa-
tion. Our preliminary comparative analysis, among species, of
dapi banding homologous chromosomes on which PNA signals
have been found, allows us to propose, as it is possible to appre-
ciate observing ideograms reconstructed for each species kary-
otype of Lagothrix lagotricha, Aotus nancymaae and Aotus l.
griseimembra (Fig. 3), which the telomeric sequence repeats, fall
on chromosomes formed by human ancestral associations of
primates (3/21, 14/15) as well as platyrrhine ones (2/16, 5/7, 8/
18 10/16) present in the hypothetical ancestral karyotypes previ-
ously proposed (Stanyon et al. 2008); at least on chromosomes
where these associations are conserved as occur especially in L.
lagotricha (Fig. 3a). These results lead us to hypothesize ITS as
linked with rearrangements responsible of the formation of such
associations. Our data are in agreement with similar reports that
found ITS on C. apella chromosomes 1, 4, 5, 7 and 11, respec-
tively, formed by associated fragments of human syntenies 5/7,
10/16, 2/16, 8/18 and 3/21 (Ruiz-Herrera et al. 2005). A slightly
different ITS pattern has been shown in A. nancymaae and A. l.
greisemembra where these associations have been reorganized
through other rearrangements (Fig. 3); in particular, we showed a
very peculiar ITS pattern with intensive and diffused ITS signals
on many chromosomes of A. nancymaae (Fig. 3b), probably due
to the many fusion events characterizing its derivative karyotype
(Stanyon et al. 2004). This pattern of distribution of ITSs
observed explained as the result of chromosomal rearrangements,
especially fusions and ﬁssions, leads us to support the hypothesis
that interstitial telomeric sequences should be considered as rem-
nants of ancestral and more recent chromosomal rearrangements
(Slijepcevic 1998; Ruiz-Herrera et al. 2005). Indeed, a part from
these signals found on ancestral associations, ITS presumably
could be also results of rearrangements forming new associa-
tions. For example, a well-deﬁned PNA signal at the centromere
has been found on metacentric chromosomes 5, 6 of A. l. greise-
membra, probably originated by a fusion of human syntenies
forming the more recent associations 16/1 and 16/22 (Fig. 3c);
these results are in agreement with data previously found in
Macaca fascicularis where new associations 7/21 and 20/22,
respectively, on ch. 2 and ch. 13, both originated by fusion,
showed ITS at centromeric position (Ruiz-Herrera et al. 2002,
2005, 2008). Moreover, we have found a PNA signal at pericen-
tromeric positions of the polymorphic chromosome 1 of A. l.
greisemembra, presumably originated by fusion of two acro/sub-
metacentric chromosomes (Fig. 3c). The putative mechanism of
the origin of these ITS, by centric fusions of two chromosomes,
occurs in our opinion or (Fig. 3d) conserving the normal telom-
eric sequences (resulting with a centromeric ITS), as seen in the
previous case for chromosomes 5 and 6 of A. l. greisemembra;
or (Fig. 3e) with the loss of part of the ITS sequences (resulting
with a pericentromeric ITS) due to a breakage within satellite
DNA and elimination of normal telomeric sequences as seen, for
example in A. l. greisemembra chromosome 1, in accordance
with what previously proposed (Garagna et al. 2001; Rovatsos
et al. 2011).
Other diverse ITSs in Lagothrix and Aotus species could be
the result of different rearrangements such as ﬁssion, inversions,
formation of new evolutionary centromeres or of other mecha-
nism involving transposons (Nergadze et al. 2004) or due to
‘ampliﬁcation’, as demonstrated also for other animals (Adegoke
et al. 1993; Garrido-Ramos et al. 1998; Wijayanto et al. 2005;
Rovatsos et al. 2011). For example, in Lagothrix lagotricha we
have found the PNA signals, at the centromere of the metacentric
chromosome 14 and on the upper part of the acrocentric chromo-
some 19, both homologous to human chromosome 4 (Fig. 3a),
originated by ﬁssion of a bi-armed chromosome resulting into
three fragments (Stanyon et al. 2001); our PNA signals are pre-
sumably in correspondence with the putative new centromere
demonstrated through BACs mapping on LLA ch. 19 (Rocchi
et al. 2012) as well with the old one presumably present on LLA
ch. 14. The presence of the ITS sequences both at old and new
centromeric positions leads us to support the hypothesis about a
correlation of ITSs sequences with the evolutionary new cen-
tromere activation process.
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Fig. 3. Chromosome ideograms for the three species karyotypes (reconstructed in agreement with Stanyon et al. 2001, 2004, 2011 and Dumas et al.
2015) showing the location of ITS on the left (green dots) and the homology with human syntenic associations on the right; PNA probe signals, identiﬁed
analysing many metaphases for each species, have been localized on: (a) Lagothrix lagotrica (LLA) homologous chromosomes formed by human platyr-
rhini associations 2/16, 5/7, 8/18, 10/16, and human primates associations 3/21, 15/14, respectively, on ch. 2, 11, 4, 6 and 23, 21. Also note PNA signals
on LLA ch. 14 and 19 probably involved in the new centromere activation process as previously shown (Rocchi et al. 2012). (b) A. nancymaae (ANA),
homologous chromosomes formed by human association 5/7, 8/18, 10/16, respectively, found on ch 4, 5 and 3 (last one interrupted by a fragment of
human synteny 22); on ancestral human associations 3/21 and 15/14, respectively, on ch. 7 and 15, 24 (note that the putative ancestral platyrrhini associa-
tion 2/16, is not present in ANA); on new associations 16/1 and 9/17, respectively, on ch. 8 and 6 (larger dots for this species stand for stronger and diffuse
signals). (c) A. l. greisemembra homologous chromosomes formed by human association 5/7 found on ch. 3 as well on the ancestral associations 3/21 and
15/14 found, respectively, on ch. 4 and 8 (note that the putative ancestral platyrrhini associations 2/16, 8/18, 10/16 are not present in ALG); on new human
associations 16/1 and 16/22 localized on ch. 5, 6. (d, e) Putative mechanism of origin of het-ITS by centric fusions of acrocentric and/or submetacentric
chromosomes containing het-ITSs; this fusion might occur: (d) following breakage within satellite DNA and elimination of normal telomeric sequences or
alternatively conserving the normal telomeric sequences, as previously shown (Garagna et al. 2001; Rovatsos et al. 2011); (f) Graphic representation of
the different kinds of ITSs: Het, s and subtelo
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The data presented here on the possible identiﬁcation of the
exact chromosomes on which PNA signals fall are only prelimi-
nary results, and further analyses should be performed through
BAC (bacterial artiﬁcial chromosomes) and painting probes to
deﬁne without any doubt human homologues chromosomes,
especially the little acrocentric chromosomes not always easily
identiﬁable. Moreover, it is also to take into account that some
ITS could have not been detected even in this work, probably, as
proposed by others researchers, due to problems with the resolu-
tion limit of the methods and/or the insufﬁcient repetition of the
sequences. As occurred, for example, in two other Cebus species
previously analysed, Cebus nigritus and Cebus paraguayanus
(Mudry et al. 2007).
Het-ITS and Aotus
Comparing the ITS patterns among species of the same genus
Aotus, we showed a different distribution of ITS not only in A.
nancymaae and A. l. greisemembra but also in a previously stud-
ied species, Aotus azarae, in which it was reported ITS
sequences present at the pericentromeric region of a pair of sub-
metacentric chromosomes (het-ITS), probably as researchers sug-
gested, representing a remnant of an ancestral fusion event that
occurred during karyotype evolution (Mudry et al. 2007). We
correlated such different ITSs patterns of distributions with the
evolutionary history of Aotus. The monogamous Aotus, the only
nocturnal among Platyrrhini, is characterized by a deep phyloge-
Fig. 3. (continued)
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Table 1. Presence/absence and different kinds of ITSs in all the species analysed, in the present work and literature
2n ITSs References
Strepsirrhini
Cheirogaleidae
Microcebus murinus (MIM) 34 – Meyne et al. (1990)
Lorisidae
Otolemur crassicaudatus (OCR) 62 – Go et al. (2000)2
Perodicticus potto (PPO) 62 – Meyne et al. (1990)
Lemuridae
Daubentonia madagascariensis (DMA) 30 – Rakotoarisoa et al. (2000)2
Eulemur coronatus (ECO) 46 het-ITS
subtelo-ITS
Garagna et al. (1997)
Go et al. (2000)2
Eulemur fulvus fulvus (EFF) 60 het-ITS
subtelo-ITS
Garagna et al. (1997)
Go et al. (2000)2
Eulemur macaco (EMA) 44 het-ITS
subtelo-ITS
Meyne et al. (1990)
Garagna et al. (1997)
Eulemur rubriventer (ERU) 50 het-ITS Garagna et al. (1997)
Hapalemur griseus alaotrensis (HGA) 54 het-ITS
s-ITS1
subtelo-ITS
Go et al. (2000)2
Hapalemur simus (HSI) 60 subtelo-ITS Go et al. (2000)2
Lemur catta (LCA) 56 het-ITS1
subtelo-ITS
Go et al. (2000)2
Varecia variegata variegata (VVV) 64 het-ITS1 Go et al. (2000)2
Indridae
Propithecus verreauxi verreauxi (PVV) 72 het-ITS
s-ITS1
subtelo-ITS1
Go et al. (2000)2
Haplorrhini
Platyrrhini
Cebidae
Aotus azarae (AAZ) 49/50 het-ITS1 Mudry et al. (2007)
Aotus lemurinus griseimembra (ALG) 52/53/54 het-ITS
s-ITS
subtelo-ITS
Present work
Aotus nancymaae (ANA) 54 het-ITS
s-ITS
Present work
Callithrix argentata (CAR) 44 subtelo-ITS Present work
Callithrix jacchus (CJA) 46 – Present work
Cebuella pygmaea (CPY) 44 – Present work
Cebus apella (CAP) 28 het-ITS
s-ITS
subtelo-ITS
Ruiz-Herrera et al. (2005)
Cebus nigritus (CNI) 54 – Mudry et al. (2007)
Cebus paraguayanus (CPA) 54 – Mudry et al. (2007)
Saguinus oedipus (SOE) 46 – Present work
Saimiri boliviensis (SBO) 44 – Mudry et al. (2007)
Saimiri sciureus (SSC) 44 – Present work
Pitechiidae
Callicebus moloch (CMO) 50 – Present work
Atelidae
Alouatta caraya (ACA) 52 – Mudry et al. (2007)
Alouatta guariba clamitans (AGU) 45/46 – Mudry et al. (2007)
Alouatta palliata (APA) 53/54 – Mudry et al. (2007)
Ateles chamek (ACH) 34 – Mudry et al. (2007)
Lagothrix lagotricha (LLA) 62 het-ITS
s-ITS
subtelo-ITS
Present work
Catarrhini
Cercopithecidae
Macaca fascicularis (MFA) 44 het-ITS
s-ITS
subtelo-ITS
Ruiz-Herrera et al. (2002)
Hylobatidae
Hylobates agilis (HAG) 44 – Wijayanto et al. (2005)2
Symphalangus syndactylus (SSY) 50 s-ITS1
subtelo-ITS
Hirai (2001)2
Wijayanto et al. (2005)2
Hominidae
Gorilla gorilla (GGO) 48 het-ITS
s-ITS1
subtelo-ITS
Hirai (2001)2
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netic split between northern ‘grey-necked’ (A. nancymaae and
A.l. griseimembra, 2n=54, 53) and southern Amazonian ‘red-
necked’ (A. azarae, 2n=50), and by the separation of A. nancy-
maae, that became genetically isolated, as a result of a western
migration (Plautz et al. 2009; Menezes et al. 2010; ). The greater
antiquity, and geographic isolation with evolutionary pressures,
of northern Aotus taxa, would explain the many morphological,
immunological and karyotype differences seen in owl monkey
species (Ford 1994; Deﬂer and Bueno 2007; Fernandez-Duque
2011). On the contrary, the majority of southern species are iden-
tical from a karyological point of view; almost all possess the
same diploid number, suggesting that the southern expansion and
radiation of Aotus was gradual and with a role of gene ﬂow. One
simple explanation for the current distribution of telomere
sequences in Aotus species would be linked with their evolution-
ary history; in the common ancestor of closely related species,
ITSs were probably present, whose origins and history are pre-
sumably linked with rearrangements and ampliﬁcation; subse-
quently, the different evolutionary history and distance of species
were reﬂected in the frequency and distribution of ITSs. Indeed,
in the species analysed belonging to the two groups described
above, we have A. nancymaae, the most ancient showing a high
reshufﬂed karyotype showing both intact platyrrhini ancestral
human associations as well a lot of new ones, colocalized with
abundant and diffused ITSs; A. l. griseimembra having an inter-
mediate position in terms of conserved human associations and
abundance of ITS, and A. azarae with just one ITS. This per-
spective would be in agreement with molecular phylogenetic
reconstruction (Babb et al. 2011); unlikely in A. azarae chromo-
somes, human homologues have not yet been establish and it is
not possible to identify in which chromosome exactly the ITSs
fall. For this reason, further analysis is needed to better elucidate
this model.
ITS and Primates
Our results, combined with data from the literature, permitted
us to review, in Primates, the chromosomal distribution of the
different types of ITSs (Fig. 2f) as previously deﬁned (Azzalin
et al. 2001; Ruiz-Herrera et al. 2008): (1) ITSs in subtelomeric
position (subtelo-ITSs) as a possible result of recombination or
ampliﬁcation processes, (2) het-ITSs, large telomeric repeats that
are mainly pericentromeric, possibly remnants of chromosomal
rearrangements such as fusion or inversions (Ruiz-Herrera et al.
2002, 2005, 2008), with just a few deriving from end-to-end
fusion like that occurred for HSA2 (Ijdo et al. 1991; Ventura
et al. 2012), (3) short ITSs (s-ITSs), small repeated sequences
at an internal chromosomal position considered to be relics or
scars of ancient double-strand breakage identiﬁed through the
molecular approach (Fig. 2f). Reviewing data in literature, we
acknowledge that chromosomal localizations of telomeric
sequences have been determined with HSA telomeric probes in
other primates: among Strephirrhini in Microcebus murinus
(Cherogaleidae) (Meyne et al. 1990), Daubentonia madagas-
cariensis (Rakotoarisoa et al. 2000), Lorisiforms, Perodicticus
potto (Meyne et al. 1989) and Otolemur crassicaudatus (Go
et al. 2000), Lemuriformes, Lemur macaco rufus (Meyne et al.
1989, 1990; Garagna et al. 1997), Eulemur fulvus fulvus, Eule-
mur coronatus (Garagna et al. 1997; Go et al. 2000), Eulemur
rubriventer, Lemur catta, Hapalemur griseus alaotrensis, H.
sinus, Varecia variegata variegata (Lemuridae), Propithecus
verreauxi verreauxi (Indridae) (Go et al. 2000); among Haplor-
rhni in Catarrhini on: Macaca fascicularis (Cercopithecidae),
(Ruiz-Herrera et al. 2002b) Hylobates syndactylus (Hylobatidae),
(Hirai 2001; Wijayanto et al. 2005) and Gorilla gorilla, Pongo
pygmaeus, Pan troglodytes, Pan paniscus, (Hominidea) (Meyne
et al. 1989; Hirai 2001; Hirai et al. 2005). The data reported in
the present study represent a useful reﬁnement of genome vari-
ability and plasticity in Primates, showing the amount of ITS
occurrence and variability, and helpful to discern the various
kinds of ITSs, are particularly the ones that can provide phylo-
genetic information (het-ITS and s-ITS). Summarizing the litera-
ture and our study, the presence/absence and the different kinds
of ITSs in Primates are shown (Table 1): among Strephirrini,
ITSs have not been found in Otolemur crassicaudatus, Perod-
icticus potto, Daubentonia madagascariensis and Varecia varie-
gata variegata (except for a pericentromeric ITSs in the V.
variegata X chromosome). In the other Strephirrini, two princi-
pal kinds of ITS are present: ITS sequences associated with
heterochromatin region (het-ITS) and acro or p-subtelomeric
ITS (p-subtelomeric-ITSs). Indeed in the lemur species, Eulemur
macaco (Meyne et al. 1990; Garagna et al. 1997), E. fulvus ful-
vus, E. coronatus (Garagna et al. 1997; Go et al. 2000),
Hapalemur griseus alaotrensis, H. sinus, Lemur catta (Go et al.
2000) signals have been found at pericentromeric regions
involving constitutive heterochromatin of some bi-armed chro-
mosomes, and on a large region of the short arm of acrocentric
chromosomes; Propithecus verreauxi verreauxi shows some
peculiarities: pericentromeric signals on two submetacentric
chromosome pairs (het-ITS), a large and intense signal in the
pericentromeric region of a metacentric chromosome pair but
far from the centromeric heterochromatin region (s-ITS), and
one signal in an acrocentric chromosome pair (acro, psubtelo-
ITS) (Go et al. 2000). In E. rubriventer, only a very weak sig-
nal was detected at the pericentromeric region of a few bi-
armed chromosomes (het-ITS) (Garagna et al. 1997). Among
Table 1. (continued)
2n ITSs References
Pan paniscus (PPA) 48 het-ITS
s-ITS
subtelo-ITS
Hirai (2001)2
Pan troglodytes (PTR) 48 het-ITS
s-ITS
subtelo-ITS
Hirai et al. (2005)2
Pongo pygmaeus (PPY) 48 – Meyne et al. (1990)
Homo sapiens (HSA) 46 het-ITS
s-ITS
subtelo-ITS
Azzalin et al. (2001)
1Signal present in one couple of chromosomes
2Studies performed with PRINS (Primed in situ labelling) technique
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Haplorrini, in Catarrhini, on Macaca fascicularis (Cercopitheci-
dae), many ITS are present in almost all chromosomes with var-
ious hybridization frequencies: het-ITS, s-ITS and distal, and
few ITS are conserved in Homo sapiens (Ruiz-Herrera et al.
2002, 2005, 2008). In Hominidae, many internal locations of
the telomeric sequences corresponding with regions of constitu-
tive heterochromatin have been shown in Pan paniscus and Pan
troglodytes: s-ITS, acrocentric/subtelocentric ITSs, het-ITS
(Hirai 2001; Hirai et al. 2005); in Gorilla gorilla het-ITS, acro-
centric or subtelocentric (distal) but no interstitial s-ITS (except
on the Y chromosome) are found (Hirai 2001). In Hylobatidae
(Symphalangus syndactylus and Hylobates agilis), subtelo-ITSs
have been found in almost all acrocentric chromosomes, s-ITS
were found in a few metacentric chromosomes, and an het-ITS
(Hirai 2001; Wijayanto et al. 2005). In these studies, researchers
hypothesized an evolutionary correlation between rearrange-
ments and ITS distribution and also between ITSs, C distribu-
tion and phylogenetic distance. However, this phylogenetic
linkage remains a debated issue, since some studies propose a
phylogenetic value among genera, for example in Hylobatidae
(Wijayanto et al. 2005), while others propose, instead, a linkage
valid for closely related species of the same genus as shown,
for example, in Rodents (Rovatsos et al. 2011). Arguing the
evolutionary implication of ITSs in Primates from our observa-
tions is not feasible because of incomplete current knowledge
on the exact ITSs position in different homologues and on the
exact mechanism generating the diverse ITSs; however, we can
hypothesize that signals detected in the bi-armed chromosomes
at centromeric position (het-ITS) fall in the same human ances-
tral primates association as we detect in our study, but compar-
isons with human homologues have not been performed in the
majority of the species and further analysis are needed; from
the analysis of s-ITSs distribution, we emphasize that they are
not observed in Strepsirrhini, while they are present in some
Haplorrhini. This evidence is not surprising and can be
explained with the limitation of PNA probe mapping which
detects large stretches of telomeric repeats corresponding to
large blocks (spanning several hundred kb) of telomeric-like
DNA mainly localized in centromeric or pericentromeric chro-
mosome regions (het-ITS). In contrast, short ITSs (s-ITSs) are
stretches of limited numbers of telomeric hexamers distributed
at internal positions that could be normally detected using either
low-stringency FISH or molecular approaches and sequence
database analysis.
In the light of our results, we support the hypothesis, in agree-
ment with previous cytogenetics and molecular data (Ruiz-Her-
rera et al. 2008; Rovatsos et al. 2011), about ITSs related to
rearrangements, ancestral and new ones, at least in the cases here
detected. ITS. Furthermore on the base of our data, we support
the hypothesis about usefulness of ITS in phylogenetic studies;
indeed ITS patterns of distribution, their presence or absence
could be used as phylogenetic markers especially in closely
related species because as vary recent underlined ‘sharing even a
polymorphic mutation in closely related species may represent
parsimonially as a strong signature of persistence since last com-
mon ancestor’ (Dobigny et al. 2015).
In our opinion, ITSs in Primates have been underestimated
(both because of low sequence repetition and the approach reso-
lution limit) and we suggest, in a multidisciplinary prospective,
to increase through cytogenetics and molecular approaches the
knowledge on ITSs distribution in Primates to better clarify their
implication in evolutionary and phylogenetic studies. Moreover,
this kind of approach advance understanding of ITSs role and
function; some ITSs may represent junk DNA while others can
be inserted in regions that modify gene expression, others could
promote illegitimate recombination, genome rearrangements,
whereas others may be linked with the occurrence of new cen-
tromeres and telomeres, all aspects worthy to be addressed.
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Riassunto
La distribuzione delle sequenze telomeriche intersperse sui cromosomi di
nove Platyrrhinae: possibili implicazioni evolutive e ﬁlogenetiche
Al ﬁne di localizzare le sequence telomeriche intersperse (ITS) e veriﬁ-
care se il loro pattern di distribuzione e ricollegabile all’evoluzione cro-
mosomica sono state ibridate sonde telomeriche (TTAGGG)n sulle
metafasi di specie Platyrrhinae caratterizzate da una rapida radiazione ed
da un alto tasso di riarrangiamenti cromosomomici: Callithrix argentata,
Callithrix jacchus, Cebuella pygmaea, Saguinus oedipus, Saimiri sci-
ureus, Aotus lemurinus griseimembra, Aotus nancymaae (Cebidae), Lago-
thrix lagotricha (Atelidae), e Callicebus moloch (Pithecidae). L’analisi
del segnale della sonda PNA mappato sui cromosomi ha permesso di
dimostrare, in tutte le specie, come atteso, la normale localizzazione delle
sequenze telomeriche sulle estremita terminali dei cromosomi e solo su
alcune di esse, invece, una distribuzione peculiare delle sequenze telom-
eriche intersperse. Infatti in tre specie tra le nove analizzate Aotus lemuri-
nus griseimembra, Aotus nancymaae (Cebidae), e Lagothrix lagotricha
(Atelidae) e stata dimostrata un’alta variabilita nella distribuzione e nel
grado di ampliﬁcazione delle ITS, in special modo per quelle riscontrate
in regioni centro o pericentromeriche (het-ITS). L’analisi comparativa dei
cromosomi delle specie in esame, omologhi alle sintenie cromosomiche
umane, sui quali si sono riscontrati segnali della sonda PNA interspersi,
ha permesso di spiegare il pattern di distribuzione delle ITS osservato
come risultato di riarrangiamenti cromosomici veriﬁcatesi nel corso del-
l’evoluzione in Primates, in particolar modo in Platyrrhinae. Queste evi-
denze hanno inoltre permesso di discutere le possibili implicazioni delle
ITS come marker ﬁlogenetici. In ultimo, da un’analisi dei dati presenti in
letteratura sulla distribuzione delle ITS in Primates ed alla luce dei risul-
tati ottenuti si ipotizza che gli ITS possano essere stati sottostimati e si
evidenzia l’importanza dell’approccio citogenetico nello studio degli ITS,
sequenze il cui ruolo e ancora poco conosciuto e che meriterebbe mag-
giori approfondimenti.
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